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A B S T R A C T
Particulate matter (PM) increases levels of pro-inﬂammatory cytokines, but its eﬀects on the skin remain largely
unknown. We investigated the signal transduction pathway and epigenetic regulatory mechanisms underlying
cellular inﬂammation induced by PM with a diameter of ≤ 2.5 (PM2.5) in vitro and in vivo. PM2.5-treated skin
keratinocytes produced various inﬂammatory cytokines, including IL-6. The binding of PM2.5 to TLR5 initiated
intracellular signaling through MyD88, and led to the translocation of NFκB to the nucleus, where it bound the
NFκB site within IL-6 promoter. Furthermore, PM2.5 induced a direct interaction between TLR5 and NOX4, and
in turn induced the production of ROS and activated NFκB-IL-6 downstream, which was prevented by siRNA-
mediated knockdown of NOX4 or antioxidant treatment. Furthermore, expression of TLR5, MyD88, NOX4,
phospho-NFκB, and IL-6 was increased in skin tissue of PM2.5-treated ﬂaky tail mice. PM2.5-induced increased
transcription of IL-6 was regulated via DNA methylation and histone methylation by epigenetic modiﬁcation; the
binding of DNA demethylase and histone methyltransferase to the IL-6 promoter regions resulted in increased IL-
6 mRNA expression. Our ﬁndings provide deep insight into the pathogenesis of PM2.5 exposure and can be used
as a therapeutic strategy to treat inﬂammatory skin diseases caused by PM2.5 exposure.
1. Introduction
Ambient air pollution has become a major worldwide problem;
especially, ﬁne particulate matter (PM2.5), which has an aerodynamic
diameter of less than 2.5 µm, is a threat to health in Korea [1]. Many
reports have demonstrated that PM containing polyaromatic hydro-
carbons can trigger an inﬂammatory response in the respiratory system
and may lead to systemic inﬂammatory reactions [2–4]. The human
skin serves as the ﬁrst line of defense against air pollutants. However,
studies on the inﬂammatory eﬀects of PM2.5 on the skin and the un-
derlying mechanisms are limited.
Local innate immunity plays a key role in initiating and co-
ordinating homeostasis and resistance to foreign particles or pathogen
infection by regulating eﬀector cytokines and other mediators of in-
ﬂammation [5]. Toll-like receptors (TLRs) have been identiﬁed as
pivotal immune receptors; following pathogen detection, they mediate
the activation of innate and adaptive immune responses through
modulation of gene expression [6]. It is reported that human kerati-
nocytes constitutively express TLR1, TLR2, TLR3, TLR4, TLR5, TLR6,
and TLR9 [7]. Keratinocytes of skin cells play an essential role in im-
mune responses by producing chemokines following TLR engagement
[8]. These chemokines, in turn, stimulate the migration of leucocytes to
the site of injury or infection. TLRs speciﬁcally recognize highly con-
served pathogen-associated motifs: triacyl lipopeptide is recognized by
TLR1-TLR2 heterodimer, diacyl lipopeptide by TLR2-TLR6 hetero-
dimer, double-stranded RNA by TLR3, lipopolysaccharide by TLR4, and
ﬂagellin by TLR5 [9]. Recent studies have demonstrated a molecular
link between TLR activation and the activity of NADPH oxidase (NOX)
isozymes (NOX1–5 and DUOX1, 2) in the innate immune (inﬂamma-
tion) response, suggesting that NOX activation is indispensable in TLR-
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mediated inﬂammation responses [10]. For example, DUOX2-mediated
H2O2 generation activated by the ﬂagellin–TLR5 axis induces inter-
leukin (IL)-8 production and MUC5AC expression in the nasal epithe-
lium [10]. In addition, ﬂagellin-induced interaction between the COOH
region of NOX4 and the Toll/interleukin-1 receptor domain of TLR5
leads to H2O2 generation, which in turn promotes the secretion of pro-
inﬂammatory cytokines, including IL-8, as well as the expression of
ICAM-1 in human aortic endothelial cells [11]. The recognition by TLRs
leads to the activation of downstream signaling molecules, such as
nuclear factor kappa B (NFκB). NFκB promotes the expression of target
genes that mediate inﬂammatory cytokines, such as IL-1β and IL-6 [12].
DNA methylation, the most studied of the epigenetic mechanisms, is
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Fig. 1. PM2.5 induces cytokine production in keratinocytes. A. Cells were incubated in the presence of PM2.5 for 3 h and 24 h. Cytokine secretion into the supernatants
was analyzed using cytokine antibody arrays. Each spot indicates the expression level of a cytokine detected by each primary antibody. B. IL-1β and IL-6 con-
centrations in HaCaT, HEK-001, and NHEK were assessed using a human IL-1β and an IL-6 Quantikine ELISA kit, respectively. C. Skin sections were stained with IL-
1β antibody and counterstained with hematoxylin. D. IL-6 expression was detected by western blotting using IL-6 antibody. The expression of E. IL-6 mRNA by RT-
PCR and F. protein by western blot assay was assessed at indicated time points. *Signiﬁcantly diﬀerent from control group (p < 0.05).,.
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a natural process that suppresses gene expression via the addition of
methyl groups to the DNA. PM‐related hypomethylation of the re-
petitive Alu transposable element and the pro-inﬂammatory gene,
TLR4, has been observed, and it is correlated with increased blood
pressure [13]. This repetitive element- and gene‐speciﬁc hypomethy-
lation can be induced by PM-induced biological processes, such as
oxidative stress. Oxidative DNA damage can interfere with the ability of
methyltransferases to interact with DNA, resulting in hypomethylation
of cytosine residues at CpG sites [14]. Recently, we reported that HaCaT
keratinocytes can internalize PM2.5, as observed with a transmission
electron microscope. In this study, we showed that the internalized
PM2.5 triggered oxidative stress and that mouse skin exposed to PM2.5
underwent large structural changes in the epidermis, strongly sug-
gesting that PM2.5 can penetrate the superﬁcial skin layers [15].
In the present study, biomarkers associated with inﬂammation and
oxidative stress were investigated in vitro and in vivo to elucidate
PM2.5-induced skin inﬂammation and the underlying mechanisms in
terms of TLR signaling and epigenetic alteration.
2. Materials and methods
2.1. PM2.5 preparation
PM2.5, which is a standard diesel PM (SRM 1650b) issued by the
National Institute of Standards and Technology (NIST, USA), was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The 1650b diesel PM,
with a mean diameter of 0.18 µm, was predominantly composed of
polycyclic aromatic hydrocarbons (PAHs) and nitro-PAHs. The certiﬁed
mass fraction values of PAHs and nitro-PAHs in SRM 1650b are pro-
vided in Supplementary Table 1 and 2. PM2.5 was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 100%, and when applied to
cells, DMSO % was not above 0.01%.
2.2. Keratinocyte culture
The human keratinocyte cell lines HaCaT and HEK-001 were ob-
tained from Cell Lines Service (Heidelberg, Germany) and the American
Type Culture Collection (Manassas, VA, USA), respectively. NHEK were
obtained from Thermo Fisher Scientiﬁc (Waltham, MA, USA). HaCaT
cells were cultured in RPMI-1640 medium containing 10% heat-
inactivated fetal calf serum. HEK-001 cells were cultured in keratino-
cyte-SFM medium with 5 ng/ml human recombinant epidermal growth
factor (Thermo Fisher Scientiﬁc). Normal human epidermal keratino-
cytes (NHEK) were cultured in EpiLife serum-free medium containing
EpiLife undeﬁned growth supplement (Thermo Fisher Scientiﬁc) and
were used at the third or fourth passage. All cells were grown in a 5%
CO2 incubator at 37 °C.
2.3. Mouse experiment
All experimental procedures using hairless mice were conducted in
accordance with the guidelines for the care and use of laboratory ani-
mals of Jeju National University (Jeju, Republic of Korea) (permit
number: 2017-0026). HR-1 hairless male mice were randomly divided
into four animals per group. PM2.5 was administered together with
propylene glycol and NAC. PM2.5 was dispersed in propylene glycol at a
concentration of 100 μg/ml, spread on a nonwoven polyethylene pad
over an area of 1 cm2, and then applied to the dorsal region of mice for
7 consecutive days. The skin tissue was immediately dissected for his-
tological and molecular analyses [16]. All experimental procedures
using homozygous ﬂaky tail mice (a/a ma ft/ma ft/J), which carry
double-homozygous ft and ma mutations, were approved by the Animal
Research Ethics Board of Yonsei University (Seoul, Republic of Korea)
(permit number: 2016-0007). C57BL/6 J (wild type) mice and ﬂaky tail
mice were randomly divided into three animals per group; control
group for C57BL/6 J, PM2.5-treated C57BL/6 J group, control group for
ﬂaky tail mice, and PM2.5-treated ﬂaky tail mice group. The hairs on the
upper back were removed from anesthetized mice using an electric
shaver and depilatory protocol. After hair removal, all procedures were
the same as those for hairless mice.
2.4. Histological analysis
Skin sections were ﬁxed in 4% paraformaldehyde and routinely
processed for paraﬃn embedding. Sections (5 µm) of paraﬃn-em-
bedded skin were deparaﬃnized and stained with hematoxylin and
eosin. The thickness of the epidermis (from the stratum basale to the
stratum corneum) was measured in approximately 10 randomly chosen
ﬁelds taken from 3 representative sections per group by microscopic
evaluation at an optical magniﬁcation of 100×with a digital camera.
Immunohistochemistry was carried out using the ABC Elite kit (Vector
Laboratories, Burlingame, CA, USA). The skin sections were incubated
with primary antibody for 1 h. The sections were counterstained with
hematoxylin before mounting.
2.5. Human protein cytokine array
Cells were cultured for 3 h and 24 h in the presence of PM2.5 and the
supernatants were collected. Cytokines in the supernatants were mea-
sured using a RayBio human cytokine antibody array C5 (RayBiotech,
Norcross, GA, USA), according to the manufacturer's instructions.
Chemiluminescence signals were detected on an ImageQuant LAS-4000
system using a charge-coupled-device camera.
2.6. Enzyme-linked immunosorbent assay (ELISA)
After the 24 h incubation of cells with PM2.5, culture supernatants
were collected and stored at −20 °C. IL-1β and IL-6 released in the
supernatants were measured by using a Human Quantikine ELISA Kit (R
&D Systems, Minneapolis, MN, USA) according to the manufacturer's
instructions.
2.7. Western blot (WB) analysis
Crude protein in cell lysates was electrophoresed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
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to a polyvinylidene diﬂuoride membrane that was incubated with pri-
mary antibodies. Anti-IL-1β, anti-IL-6, and anti-TET1 antibodies were
purchased from Thermo Fisher Scientiﬁc; anti-TLR5, anti-phospho-
NFκB (p65) and anti-DNMT1 antibodies were from Abcam (Cambridge,
UK); anti-MyD88, anti-EZH2, anti-H3K27Me3, and anti-H3K4Me3 an-
tibodies were from Cell Signaling Technology (Danvers, MA, USA); anti-
NOX4 and anti-DNMT3B antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); and anti-MLL1 antibody was
from Active Motif (Carlsbad, CA, USA). Then, the membranes were
incubated with horseradish peroxidase-conjugated secondary anti-
bodies (Pierce, Rockland, IL, USA), and protein bands were detected
using an enhanced chemiluminescence western blotting detection kit
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Fig. 2. PM2.5 activates TLR5-mediated IL-6 production. The mRNA expression of A. various TLRs and B. TLR1 and TLR5 at indicated time points was assessed by qRT-
PCR. C. Skin sections were stained with TLR5 antibody and counterstained with hematoxylin. Protein expression of TRL5 and MyD88 was detected by D. western
blotting and E. ﬂow cytometry with the corresponding antibodies. Interaction between TLR5 and MyD88 was examined by F. PLA and G. IP. Cells were transfected
with H. siTLR5 RNA or I. siMyD88 RNA, respectively, and incubated for 24 h. IL-6 was detected by western blotting with IL-6 antibody. *Signiﬁcantly diﬀerent from
control group (p < 0.05).,.
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(Amersham, Little Chalfont, Buckinghamshire, UK).
2.8. Reverse transcription-polymerase chain reaction (RT-PCR)
The RT-PCR conditions for forward primer 5′-GAACTCCTTCTCCA
CAAGCGCCTT-3′ and reverse primer 5′-CAAAAGACCAGTGATGATTTT
CACCAGG-3′ for IL-6 and forward primer 5′-AAGGTCGGAGTCAACGG
ATTT-3′ and reverse primer 5′-GCAGTGAGGGTCTCTCTCCT-3′ for
GAPDH were as follows: 5 min at 94 °C; 35 cycles of 1min at 94 °C,
1min at 58 °C, and 1min at 72 °C; and 7min at 72 °C.
2.9. Flow cytometric analysis
Cells were harvested, washed in FACS buﬀer (PBS, 0.5% BSA, 0.01%
sodium azide), pelleted, suspended in permeabilization/ﬁxation buﬀer
(Thermo Fisher Scientiﬁc), and maintained for 20min at room tem-
perature. The cells were then washed in permeabilization buﬀer, pel-
leted, and incubated with anti-TLR5 antibody or anti-MyD88 antibody
at 4 °C for 1 h. FITC-conjugated secondary antibody was added at 4 °C
for 1 h. Finally, the samples were washed, suspended in FACS buﬀer,
and then analyzed using a FACS LSRII ﬂow cytometer (BD Biosciences)
for detection of TLR5 and MyD88. Captured data from gated live po-
pulations were analyzed using CellQuest software.
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2.10. Quantitative real-time PCR (qRT-PCR)
The qRT-PCR primers were as follows: forward primer 5′-CTATAC
ACCAAGTTGTCAGC-3' and reverse primer 5′-GTCTCCAACTCAGTAAG
GTG-3′ for TLR1, forward primer 5'-GCCAAAGTCTTGATTGATTG-3'
and reverse primer 5′-TTGAAGTTCTCCAGCTCCTG-3' for TLR2, forward
primer 5'-GATCTGTCTCATAATGGCTTG-3′ and reverse primer 5'-GAC
AGATTCCGAATGCTTGTG-3′ for TLR3, forward primer 5′-TGGATACG
TTTCCTTATAAG-3′ and reverse primer 5′-GAAATGGAGGCACCCC
TTC-3′ for TLR4, forward primer 5′-ATTGCCAATATCCAGGATGC-3′
and reverse primer 5'-CACCACCATGATGAGAGCAC-3′ for TLR5, for-
ward primer 5′-GCTTACCTCCGAGGATCACA-3′ and reverse primer
5′-CGGGAGGGTGGGTATCTAA-3′ for NOX4, and forward primer
5′-CACCTTCTACAATGAGCTGCGTGT-3′ and reverse primer 5′-CACAG
CCTGGATAGCAACGTACA-3′ for actin. The qRT-PCR conditions were
as follows: 10min at 95 °C; 40 cycles of 15 s at 95 °C and 1min at 60 °C;
followed by 7min at 72 °C. PCR ampliﬁcation was carried out in a
programmable thermal cycler.
2.11. Proximity ligation assay (PLA)
The mouse/rabbit red starter Duolink kit (Sigma-Aldrich) was used
for this experiment. Cells were permeabilized according to the manu-
facturer's instructions and were incubated with primary antibodies,
mouse anti-TLR5 (1:100) and rabbit anti-MyD88 (1:100) or rabbit anti-
NOX4 (1:100) diluted in ﬂuorescence dilution buﬀer (5% fetal calf
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Fig. 3. PM2.5 induces the TLR5–NFκB–IL-6 pathway. A. Binding of PM2.5 to TLR5 or MyD88 was determined by DARTS assay. Cell lysates were prepared, incubated
with PM2.5 and ﬂagellin for 1 h, and digested with pronase to protein ratios (1:2500 to 1:20,000) for 10min. TLR5 and MyD88 were detected by western blotting with
the corresponding antibodies. B. The phospho-NFκB p65 subunit was detected by western blotting with the corresponding antibody. C. The nuclear localization of
phospho-NFκB p65 was detected by confocal microscopy after FITC labeling with the corresponding antibodies. D. Phospho-NFκB p65 binding to the IL-6 promoter
was analyzed using ChIP followed by PCR. Cells were transfected with E. siNFκB p65 RNA, F. siTLR5 RNA, and G. siMyD88 RNA, incubated for 24 h, and IL-6 and
NFκB were detected by western blotting with the corresponding antibodies.
Y.S. Ryu et al. Redox Biology 21 (2019) 101080
6
serum, 5% normal donkey serum, 2% bovine serum albumin in PBSCM,
pH 7.6) for 2 h at room temperature. Then, they were incubated with
the PLA probes for 1 h at 37 °C in a humid chamber. The ligation re-
action was carried out at 37 °C for 1 h in a humid chamber. The cells
were then incubated with the ampliﬁcation mix for 2 h at 37 °C in a
darkened humidiﬁed chamber, mounted using mounting medium, and
imaged using a Zeiss confocal microscope and the LSM 510 program.
2.12. Immunoprecipitation and western blot analysis (IP-WB)
Cells were lysed in 0.5% NP-40, 10mM Tris-HCl (pH 8.0), 150mM
NaCl, and 5mM MgCl2. Lysates were incubated overnight at 4 °C with
antibodies targeting TLR5, MyD88 or NOX4, and IgG. Immune com-
plexes were collected with protein A/G PLUS Beads (Santa Cruz
Biotechnology) overnight at 4 °C and were washed with im-
munoprecipitation buﬀer. Equal amounts of the precipitates were se-
parated by SDS-PAGE, followed by western blot analysis with anti-
bodies speciﬁc for TLR5, MyD88, or NOX4.
2.13. Transfection of small interfering RNA (siRNA)
Cells were transfected with 20 nM of control small interfering RNA
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(siRNA) or siRNAs against TLR1, TLR3, TLR4, TLR5, MyD88, NOX4,
TET1, or MLL1 using Lipofectamine RNAiMax reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's instructions.
2.14. Drug aﬃnity responsive target stability (DARTS) assay
The DARTS assay was conducted according to a previously de-
scribed protocol [17]. HaCaT cells were grown to 80% conﬂuence in
10mm dishes, treated with PM2.5 or DMSO for 1 h, and lysed in M-PER
buﬀer (Pierce, Rockford, IL, USA) containing protease and phosphatase
inhibitors. After centrifugation (12,000×g, 10min, 4 °C), 10×TNC
buﬀer [500mM Tris·HCl (pH 8.0), 500mM NaCl, 100mM CaCl2] was
added to the lysates, and the protein concentration was determined
with a dye-binding protein assay kit (Bio-Rad Laboratories) following
the manufacturer's instructions. The lysates (50 μg/μl) were digested
with pronase (protein-to-pronase ratio of 1:2500 or 1:20,000) for
30min. Digestion was stopped by adding 5×Laemmli sample buﬀer.
Then, the samples were subjected to western blot analysis.
2.15. Detection of intracellular ROS
Cells were treated with 25 µM dichlorodihydroﬂuorescein diacetate.
The ﬂuorescence of 2′,7′-dichloroﬂuorescein was detected using a ﬂow
cytometer.
2.16. Immunocytochemistry
Cells plated on chamber slides were ﬁxed with 4% paraformalde-
hyde for 30min and permeabilized with PBS containing 0.1% Triton X-
100 for 2.5min. The cells were treated with blocking medium (PBS
containing 3% bovine serum albumin) for 1 h and incubated for 2 h
with the primary antibody diluted in blocking medium. Then, the cells
were incubated with FITC- or Alexa 594-conjugated secondary antibody
(Santa Cruz Biotechnology) for 1 h. Stained cells were washed with PBS
and mounted on microscope slides in mounting medium containing
DAPI and imaged on a Zeiss confocal microscope using the LSM 510
software.
Fig. 4. (continued)
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2.17. Protein carbonylation assay
Total protein of the skin tissues was isolated using protein lysis
buﬀer and quantiﬁed. The OxiSelect™ protein carbonyl ELISA kit (Cell
Biolabs, San Diego, CA, USA) was used in accordance with the manu-
facturer's instructions.
2.18. Quantitative methylation-speciﬁc PCR (qMSP) and bisulﬁte
sequencing
For methylation analysis, DNA was extracted using a standard
phenol-chloroform method. Two micrograms of DNA was modiﬁed by
bisulﬁte with the EZ DNA methylation kit™ (Zymo Research, Orange,
CA, USA), which guarantees a> 99% conversion rate (non-methylated
cytosine to uracil; protection of methylated cytosine residues).
Promoter methylation was analyzed using MSP primer pairs located
close to the putative transcription start site in the 5′ CpG island, 2 μl of
bisulﬁte-treated DNA as the template, and JumpStart REDTaq DNA
polymerase (Sigma-Aldrich), as previously described [18]. For bisulﬁte
sequence analysis, PCR amplicons were separated by 2% agarose gel
electrophoresis, puriﬁed with a gel extraction kit (Qiagen GmbH,
Hilden, Germany), and cloned using the TOPO TA vector system (In-
vitrogen, Carlsbad, CA, USA). Individual clones were isolated and
puriﬁed using the NucleoSpin plasmid isolation kit (Macherey-Nagel,
Düren, Germany). Randomly selected positive clones (10–15 from each
sample) were sequenced using the M13F primer, and the methylation
status of each CpG dinucleotide was analyzed. For quantiﬁcation of IL-6
methylation, bisulﬁte-treated samples were subjected to qMSP. The
methylation levels were normalized based on Alu element ampliﬁca-
tion. qPCR was performed using a CFX96TM real-time system (Bio-Rad,
Hercules, CA, USA).
2.19. Chromatin immunoprecipitation (ChIP) and quantitative PCR
(qPCR)
ChIP assays were performed with a simple ChIP™ kit (Cell Signaling
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Technology) according to the manufacturer's instructions, with slight
modiﬁcations. DNMT1, DNMT3B, TET1, EZH2, H3K27Me3, MLL1, or
H3K4Me3 antibodies and normal rabbit IgG were used. DNA recovered
from the immune-precipitated complexes was subjected to qPCR.
2.20. Statistical analysis
Mean± standard error of the mean is reported. Data were sub-
jected to analysis of variance, followed by Tukey's test to analyze dif-
ferences between conditions. In each case, p < 0.05 was considered
statistically signiﬁcant.
3. Results
3.1. PM2.5 stimulates pro-inﬂammatory production in human keratinocytes
To examine pro-inﬂammatory cytokine production in human kera-
tinocytes, supernatants from HaCaT cells cultured at 3 h and at 24 h
after PM2.5 stimulation were assessed using cytokine arrays. The assay
revealed that six cytokines, IL-6, MDC, MIP-1β, EGF, IGF-1, and MIF
were strongly upregulated at 3 h in PM2.5-treated HaCaT cells as com-
pared to control cells, whereas ﬁve cytokines, IL-1β, IL-6, IL-8, IL-16,
and TGF-β2 were strongly upregulated at 24 h in PM2.5-treated HaCaT
cells as compared to control cells (Fig. 1A). The levels of the pro-in-
ﬂammatory cytokines IL-1β and IL-6 were conﬁrmed to be increased
upon exposure to PM2.5 in HaCaT, HEK-001 keratinocyte cell lines, and
(NHEK) (Fig. 1B), as well as in murine epidermis (Fig. 1C and D). We
selected IL-6 as a major mediator of inﬂammation induced by PM2.5 for
further study. IL-6 mRNA expression was induced between 3 h and 72 h
after PM2.5 exposure of HaCaT cells (Fig. 1E). In full agreement with the
RT-PCR results, western blotting (WB) revealed a clear induction of IL-6
protein in HaCaT, HEK-001, and NHEK cells (Fig. 1F).
3.2. PM2.5 activates TLR5 early and induces the release of IL-6 in human
keratinocytes and mouse skin
We analyzed whether PM2.5 could induce the gene expression of
various TLRs in keratinocytes. HaCaT cells were incubated with PM2.5
for 0.5 h or 24 h, and TLR gene expression was analyzed by quantitative
RT-PCR (qRT-PCR). PM2.5 treatment induced a signiﬁcant increase in
the expression of TLR1 and TLR5 at 0.5 h and of TLR3 at 24 h (Fig. 2A).
TLR5 was highly expressed at 0.5 h and maintained up to 24 h com-
pared to TLR3. In addition, TLR5 was highly expressed compared to
TLR1 at 0.5 h and 24 h (Fig. 2B). The mRNA expression pattern of TLR5
in HaCaT cells was consistent with protein expression in murine epi-
dermis (Fig. 2C) and with protein expression in HaCaT cells (Fig. 2D).
In addition, the expression pattern of TLR5 at 0.5 h after PM2.5 treat-
ment in HaCaT cells was conﬁrmed using ﬂow cytometry (Fig. 2E).
TLRs recruit a speciﬁc combination of Toll/IL-1 receptor-containing
adaptors, including myeloid diﬀerentiation primary response gene 88
(MyD88). As shown in Fig. 2D and E, MyD88 protein expression was
consistent with TLR5 protein expression. In addition, proximity ligation
assay (PLA) and immunoprecipitation (IP)-WB analysis showed that
TLR5 strongly interacted with MyD88 in PM2.5-treated cells as com-
pared to PM2.5-untreated cells, suggesting that downstream signaling
might be induced (Fig. 2F and G). To test whether TLR5 mediated IL-6
generation in PM2.5-treated human keratinocytes, HaCaT cells were
transfected with siRNA speciﬁc to TLR5 or MyD88, and IL-6 expression
was analyzed by western blot assay. IL-6 expression was abolished in
HaCaT cells transfected with TLR5 or MyD88 siRNA (Fig. 2H and I).
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3.3. PM2.5 induces the TLR5–NFκB–IL-6 pathway
To investigate whether PM2.5 binds to TLR5 and/or MyD88, we
performed a drug aﬃnity responsive target stability (DARTS) assay
using HaCaT cells. The DARTS assay is based on the principle that the
binding of a ligand and its receptor leads to a thermodynamically more
stable state in which resistance to protease degradation is markedly
increased [19]. To test PM2.5 interaction with TLR5, lysates from HaCaT
cells were incubated with PM2.5 or ﬂagellin (FL, positive control).
Pronase-digested cell lysates were subjected to western blotting using
TLR5-speciﬁc antibody. As shown in Fig. 3A, protease susceptibility of
TLR5, which has a molecular weight around 103 kDa, was clearly re-
duced in cell lysates pretreated with PM2.5 and ﬂagellin as compared to
the control 1:20,000–1:2500 pronase treatments. These observations
indicated that PM2.5 promotes IL-6 production by binding to TLR5. In
addition, when we assessed PM2.5 interaction with MyD88, there was
no signiﬁcant interaction of MyD88 (around 33 kDa) with PM2.5 and
ﬂagellin (Fig. 3A). These observations indicated that PM2.5 promotes IL-
6 production by binding to TLR5 but not to MyD88. To assess whether
TLR5 can activate the canonical NFκB pathway to induce IL-6, we de-
tected the phosphorylation of NFκB p65 subunit at indicated time
points. As shown in Fig. 3B, phospho-NFκB p65 was expressed between
0.5 h and 24 h after treatment with PM2.5. In addition, the phospho-
NFκB p65 subunit translocated into the nucleus at 3 h in the presence of
PM2.5 and bound to promoter region of IL-6 (Fig. 3C and D). Trans-
fection of HaCaT cells with siRNA speciﬁc to NFκB p65 suppressed the
increase in IL-6 by PM2.5 treatment (Fig. 3E). In addition, transfection
with siRNA speciﬁc to TLR5 or MyD88 reduced the increase in
phospho-NFκB p65 expression by PM2.5 treatment, resulting in de-
creased IL-6 expression (Fig. 3F and G).
3.4. PM2.5 activates TLR5 and NOX4 interaction and induces ROS
production in human keratinocytes
Recently, Kim et al. [11] reported that ﬂagellin-induced interaction
between TLR5 and NOX4 led to ROS generation, which in turn pro-
moted the secretion of pro-inﬂammatory cytokines, including IL-6 [11].
In the current study, the expression of NOX4 mRNA and protein was
increased between 0.5 h and 24 h after PM2.5 treatment (Fig. 4A and B).
In addition, TLR5 strongly interacted with NOX4 at 0.5 h in PM2.5-
treated cells as compared to non-treated cells, as indicated by PLA assay
and IP-WB analysis (Fig. 4C and D). Furthermore, in HaCaT cells
transfected with siRNA speciﬁc to NOX4, the increase in IL-6 by PM2.5
treatment was suppressed (Fig. 4E). The interaction of TLR5 and NOX4
in the presence of PM2.5 led to an increase in ROS at 0.5 h, while this
response was attenuated by N-acetylcysteine (NAC), a well-known an-
tioxidant (Fig. 4F). In HaCaT cells transfected with siRNA speciﬁc to
TLR5 or NOX4, the increase in ROS by PM2.5 treatment was suppressed
(Fig. 4G and H). However, siRNA-mediated silencing of TLR5 did not
inﬂuence NOX4 expression (Fig. 4I). In addition, to test whether other
TLRs induced in PM2.5-treated human keratinocytes (Fig. 2A) aﬀect the
ROS–NFκB–IL-6 pathway, cells were transfected with siRNA speciﬁc to
TLR1, TLR3, and TLR4 (Fig. 4J). We found that ROS levels and
phospho-NFκB and IL-6 expression were abolished in HaCaT cells
transfected with siTLR1, siTLR3, and siTLR4 RNAs (Fig. 4K, L, and M).
3.5. The NFκB–IL-6 pathway is mediated by PM2.5-TLR5-mediated
oxidative stress
For a better understanding of the importance of ROS in TLR5-
mediated NFκB activation, and synthesis of IL-6, HaCaT cells were
Fig. 5. PM2.5 induces the NFκB-IL-6 pathway medi-
ated by oxidative stress. A. Cells were transfected
with NOX4 siRNA and were incubated for 24 h, and
phospho-NFκB p65 was detected by western blotting
with a phospho-NFκB p65 antibody. B. Phospho-NFκB
p65 was detected by western blotting with the cor-
responding antibody in HaCaT cells. C. The con-
centration of IL-6 in HaCaT cells was assessed using a
human IL-6 Quantikine ELISA kit. D. Phospho-NFκB
p65 and IL-6 in HaCaT cells were detected by western
blotting with the corresponding antibodies in mouse
skin cells. E. Mouse skin sections were stained with
phospho-NFκB p65 subunit and IL-6 and were coun-
terstained with hematoxylin. *Signiﬁcantly diﬀerent
from control group (p < 0.05); #signiﬁcantly dif-
ferent from PM2.5-treated group (p < 0.05).
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transfected with siRNA speciﬁc to NOX4. The transfected cells showed
decreased protein expression of the phospho-NFκB p65 subunit
(Fig. 5A). In addition, NAC pretreatment suppressed the increase in
phospho-NFκB p65 at 3 h in PM2.5-treated HaCaT cells compared to the
control (Fig. 5B), leading to reduced production of IL-6 (Fig. 5C). In
addition, in the skin of PM2.5-treated mice, protein expression of
phospho-NFκB p65 and IL-6 was increased, whereas NAC pretreatment
of PM2.5-treated mice reduced these responses (Fig. 5D and E). Thus,
PM2.5 induced skin cellular inﬂammation through ROS-dependent,
TLR5-initiated activation of the NFkB signaling pathway that results in
IL-6 expression.
3.6. Expression levels of inﬂammatory mediators and oxidative stress are
increased in PM2.5-treated ﬂaky tail mice
To evaluate whether inﬂammatory pathway (TLR5-NOX4-NFκB-
IL6) in PM2.5-treated cells occurs in ﬂaky tail mice, we detected the
expression level of TLR5, MyD88, NOX4, phospho-NFκB, and IL-6 upon
PM2.5 in skin tissues of wild type (C57BL/6 J) mice and ﬂaky tail mice.
The expression level of TLR5, MyD88, NOX4, phospho-NFκB, and IL-6
in PM2.5-treated skin tissues of wild type mice was increased compared
to that in untreated-skin tissues of wild type mice. In addition, the levels
of these inﬂammatory mediators in the PM2.5-treated skin tissues of
ﬂaky tail mice were increased compared to those in untreated-skin
tissues of ﬂaky tail mice, which showed a high level of inﬂammatory
mediators compared to that in C57BL/6 J with PM2.5 or without PM2.5
(Fig. 6A).
To obtain further evidence regarding oxidative stress induced by
PM2.5 in wild type mice and ﬂaky tail mice, protein peroxidation was
evaluated by detecting protein carbonylation, a marker of protein
peroxidation, which revealed a signiﬁcant elevation in protein carbo-
nylation in skin tissues of PM2.5-treated ﬂaky tail mice compared to the
three other mice groups (Fig. 6B).
3.7. IL-6 transcription is regulated epigenetically via promoter DNA
methylation in PM2.5-induced inﬂammation
Recently, Yang et al. [20] reported that the human IL-6 promoter
contains abundant CpG sites around the transcription start site, in-
cluding region A (-1469 to −1238 bp, 8 CpG sites), region B (-638 to
−346 bp, 7 CpG sites), and region C (+150 to +347 bp, 10 CpG sites)
[20]. Using ChIP-qPCR analysis, we assessed whether DNA methyl-
transferases DNMT1 and DNMT3B, and DNA demethylase TET1 can
directly bind to the IL-6 promoter region (Fig. 7A). The binding of
DNMT1 and DNMT3B to the IL-6 promoter region occurred in the ab-
sence of PM2.5. However, binding at the A and B regions decreased upon
PM2.5 treatment (Fig. 7B and C). The loss of binding of DNMT1 and
DNMT3B by PM2.5 prompted us to investigate whether this is accom-
panied by the appearance of TET1. We found that concomitant with the
decreases in DNMT1 and DNMT3B, TET1 strongly bound the A and B
regions of the IL-6 promoter region in PM2.5-treated cells (Fig. 7D).
Next, we examined the methylation status of region A by quantitative
methylation-speciﬁc PCR (qMSP) and bisulﬁte sequencing analysis. As
shown in Fig. 7E, the DNA methylation level of the IL-6 promoter region
was signiﬁcantly decreased in PM2.5-treated cells compared to the
controls. This was conﬁrmed by bisulﬁte sequencing, which revealed
lower methylation in PM2.5-treated cells than in the controls (59% vs.
38%) (Fig. 7F). Thus, the change in IL-6 transcription in PM2.5-treated
cells was due to promoter DNA methylation. Collectively, these ﬁndings
showed that during PM2.5-mediated IL-6 expression, TET can replace
DNMT, leading to IL-6 expression. Since the increase in TET expression
and hypomethylation of the IL-6 promoter preceded the induction of IL-
6 during PM2.5-induced inﬂammation, we elucidated whether the ex-
pression of IL-6 depended on TET. Transfection with siTET1 RNA in
PM2.5-treated cells reduced the expression level of IL-6 compared with
that in cells treated with PM2.5 alone (Fig. 7G). Thus, TET1 markedly
contributed to the transcriptional expression of the IL-6 locus, leading
to skin inﬂammation.
3.8. IL-6 is regulated epigenetically via histone methylation in PM2.5-
induced inﬂammation
Depending on the site and degree of histone methylation, it can lead
to either gene expression or repression. To investigate whether epige-
netic histone methylation is involved in PM2.5-induced IL-6 expression,
we assessed whether EZH2, which is a transcriptional repressor that has
H3K27 methyltransferase activity, occupies the IL-6 locus in HaCaT
cells by ChIP-qPCR. We observed the binding of EZH2 and its substrate,
H3K27Me3, to the IL-6 promoter region in the absence of PM2.5.
However, binding of EZH2 to the A and B regions of the IL-6 promoter
was decreased by PM2.5 treatment (Fig. 8A), resulting in a decrease in
H3K27Me3 (Fig. 8B). The loss of EZH2 and the H3K27Me3-repressive
histone mark by PM2.5 prompted us to investigate whether this is ac-
companied by the appearance of MLL1, a transcriptional activator that
has H3K4 methyltransferase activity, and the H3K4Me3-positive his-
tone mark. We found that, concomitant with the decreases in EZH2 and
H3K27Me3, MLL1 and the active H3K4Me3 mark strongly bound to the
A and B regions of the IL-6 promoter in PM2.5-treated cells (Fig. 8C and
D). Collectively, these results showed that during PM2.5-mediated IL-6
expression, the transcriptional activator MLL1 can replace the tran-
scriptional silencer EZH2. As the increase in MLL1 expression preceded
the induction of IL-6 during PM2.5-induced inﬂammation, we examined
whether IL-6 expression depended on MLL1. Transfection with siMLL1
RNA in PM2.5-treated cells reduced the expression level of IL-6 com-
pared to that in cells treated with PM2.5 alone (Fig. 8E). Thus, MLL1
contributes signiﬁcantly to the transcriptional expression of the IL-6
Fig. 6. PM2.5 increased expressions of inﬂammatory mediators and oxidative
stress in ﬂaky tail mice. A. The protein expression level of skin tissues was
detected by western blotting using each antibody. B. Protein oxidation was
assayed by measuring carbonyl formation. *Signiﬁcantly diﬀerent from control
group of C57BL/6 J mice (p < 0.05); **signiﬁcantly diﬀerent from PM2.5-
treated group of C57BL/6 J mice (p < 0.05); #signiﬁcantly diﬀerent from
control group of ﬂaky tail mice (p < 0.05).
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Fig. 7. IL-6 is regulated epigenetically via DNA methylation in PM2.5-induced inﬂammation. A. ChIP-qPCR was performed using primer sets speciﬁc for the regions
indicated as A (-1469 bp to−1238 bp), B (-638 bp to−346 bp), and C (+150 bp to +347 bp) along the IL-6 promoter region. ChIP was conducted using antibodies
against B. DNMT1, C. DNMT3B, and D. TET1, and the precipitates were analyzed by qPCR. E. Gene methylation levels were normalized to that of the Alu element. F.
Bisulﬁte sequencing analysis of the IL-6 promoter. Black circles represent methylated cytosine resides; white circles represent non-methylated cytosine residues. G.
Cells were transfected with siTET1 RNA and incubated for 24 h. TET1 and IL-6 were detected by western blotting with the corresponding antibodies. *Signiﬁcantly
diﬀerent from control group (p < 0.05).
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Fig. 8. IL-6 is regulated epigenetically via histone methylation in PM2.5-induced inﬂammation. ChIP was conducted using antibodies directed against A. EZH2, B.
H3K27Me3, C. MLL1, and D. H3K4Me3, and the precipitates were analyzed by qPCR. Cells were transfected with siMLL1 RNA and incubated for 24 h. E. MLL1 and IL-
6 were detected by western blotting with the corresponding antibodies. *Signiﬁcantly diﬀerent from control group (p < 0.05). F. Proposed model for the in-
volvement of the TLR5-NOX4-IL-6 pathway in PM2.5-induced inﬂammation. Ligation of TLR5 with PM2.5 stimulates NOX4 to generate ROS, which in turn promotes
the secretion of pro-inﬂammatory cytokines, including IL-6, in skin keratinocytes. In addition, epigenetic changes prompt the binding of TET1 and MLL1 to the IL-6
locus in place of DNMT and EZH2. This binding induces the expression of IL-6 and of pro-inﬂammatory mediators, which induce monocyte accumulation, leading to
skin inﬂammation.
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locus.
4. Discussion
Pro-inﬂammatory cytokines, including ILs, initiate inﬂammatory
reactions in skin keratinocytes [21]. Several reports have shown that
various stimulators induce an increase in the expression of IL-1β, IL-6,
IL-8, MCP-1, MIP-1β, and TNF-α in HaCaT cells [22–24]. In the present
study, the expression of various cytokines, including IL-6, was induced
by PM2.5 treatment. IL-6 is a pleiotropic cytokine involved in the phy-
siology of virtually every organ system, and its production is promptly
increased in acute inﬂammatory responses associated with allergy,
asthma and atopy [25,26]. Therefore, the inhibition of IL-6 production
is helpful for preventing inﬂammation.
TLRs are a family of receptors that predominantly recognize pa-
thogen-associated molecular patterns (PAMP), and binding of PAMP to
TLR on host cells leads to an inﬂammatory response, including the se-
cretion of cytokines and chemokines [27]. The present study showed
that TLR5- and MyD88-dependent signaling is essential for IL-6 pro-
duction in response to PM2.5, as this response was prevented by siRNA
targeting TLR5 or its associated adaptor MyD88. In addition, the NFκB
signaling pathway downstream of TLR5–MyD88 was activated for in-
duction of IL-6 by PM2.5; NFκB signaling was prevented by siRNA tar-
geting TLR5 or MyD88 and resulted in a decrease in IL-6 expression.
From these ﬁndings, we conclude that the binding of PM2.5 to TLR5
initiates intracellular signaling through MyD88, and this TLR5 and
MyD88 signaling results in the activation of downstream kinases,
leading to translocation of free NFκB to the nucleus, where it binds to
the promoter region of IL-6.
Excessive TLR expression reportedly marks an active inﬂammatory
reaction and triggers the downstream NFκB signaling pathway [28].
NFκB p65 is a critical regulatory transcription factor involved in major
inﬂammatory pathways downstream of TLRs that regulates the ex-
pression of many inﬂammatory genes, including IL-6, and the produc-
tion of cytokines [12]. NFκB exists in the cytoplasm in an inactive form
bound to the IκB inhibitor. Upon stimulation, the NFκB p65 subunit
separates from IκBα and translocates into the nucleus, triggering the
transcription of multiple inﬂammatory genes [29]. The results of the
present study showed that PM2.5 stimulated phosphorylation of NFκB
p65 and its subsequent translocation into nucleus and binding to pro-
moter site of IL-6.
Recently, Kim et al. (2016) reported that NOX4 plays a vital role in
TLR5-dependent inﬂammatory responses, including IL-8 production,
and is involved in atherosclerosis [11]. In addition, they reported that
ﬂagellin stimulated H2O2 generation through direct TLR5–NOX4 in-
teraction. In our study, interestingly, TLR5 and NOX4 interacted di-
rectly and moreover, cells in which NOX4 expression was knocked
down failed to induce IL-6. This interaction of TLR5 and NOX4 induced
ROS, which was prevented by siRNA targeting TLR5 or NOX4. How-
ever, TLR5 did not aﬀect NOX4 expression, as siRNA targeting TLR5 did
not change NOX4 expression. Furthermore, the TLR5-NOX4-ROS signal
pathway activated NFκB-IL-6 downstream, which was prevented by
siRNA targeting NOX4 or by the antioxidant NAC in vitro as well as in
vivo.
Several recent studies showed that exposure to PM is associated
with the development as well as the exacerbation of atopic dermatitis
[30–32]. Flaky tail mice are essentially deﬁcient in ﬁlaggrin, which is
the main skin barrier protein, and is related to the incidence of atopic
dermatitis and the response to inﬂammation [33]. In the present study,
we showed the activation of the inﬂammatory pathway (TLR5-NOX4-
NFκB-IL6) by PM2.5 in wild type mice and ﬂaky tail mice, suggesting
that PM2.5-dependent inﬂammation can cause development as well as
exacerbation of atopic dermatitis. Interestingly, Liu et al. [34] de-
monstrated that PM2.5-induced oxidative stress increases intercellular
adhesion molecule-1 expression in lung epithelial cells through the IL-
6-AKT-STAT3-NFκB-dependent pathway, in which IL-6 is upstream of
NFκB [34].
To elucidate the molecular mechanisms underlying IL-6 over-
production in PM2.5-treated cells, we assessed the epigenetic mod-
iﬁcation of DNA and histones. Mammalian gene expression requires a
loosening of the chromatin structure, exposure of the promoter region,
and the binding of transcription factors and RNA polymerase, which is
regulated by epigenetic modiﬁcations. DNA methylation determines the
accessibility of the promoter region and histone modiﬁcations, in-
cluding methylation, determine the loosening of chromatin. Thus, in-
vestigating how epigenetic modiﬁcations regulate gene expression can
provide deeper insight into gene expression regulation. In the present
study, PM2.5 treatment induced DNA hypomethylation of and H3K4Me3
binding to the IL-6 promoter. Bellavia et al. [13] demonstrated that
ambient PM induced DNA hypomethylation of long interspersed nuclear
element-1 and TLR4 in human blood; however, no signiﬁcant diﬀerences
in IL-6 methylation were observed [13]. This may be due to diﬀerent
experimental conditions, including PM composition and the cell system
used. In mammals, DNA methylation primarily occurs at CpG dinu-
cleotides, which are often observed in clusters called CpG islands that
are generally located in the gene promoter. The methylation of CpG
islands leads to stable and heritable transcriptional silencing through
the binding of methyl-DNA-speciﬁc proteins to methylated CpG islands.
Further, methyl-DNA-speciﬁc proteins attract histone-modifying en-
zymes, which establish a silenced chromatin state. We noticed that the
binding of DNMT as well as of EZH2 in regions A (-1469 to−1238 bp)
and B (-638 to−346 bp) of the IL-6 promoter was reduced, whereas the
binding of TET as well as of MLL1 in these two regions was increased
under PM2.5 treatment. In addition, using siRNA, we showed that IL-6
expression is dependent on TET1 and MLL1.
To our knowledge, this is the ﬁrst report that veriﬁed a link between
PM2.5 and the TLR5 signaling pathway; the TLR5-NOX4-ROS-NFκB-IL-6
pathway plays a signiﬁcant role in mediating PM2.5-induced in-
ﬂammation. Targeting the TLR5–NOX4 cascade in skin keratinocytes
might be a therapeutic strategy for mitigating the harmful eﬀects of
PM2.5 (Fig. 8F).
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